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I. INTRODUCTION

Quantitative information on the propagation efficiency of infrared
radiation through the earth's atmosphere is important for a variety of current
and possible future Air Force Space Division (SD) missions. These include
remote sensing, missile and aircraft detection, and the use of infrared lasers

in weapons and communication systems.

Atmospheric propagation of infrared radiation is most efficient at wave-
lengths between 3 and 5 um and between 8 and 12 um, where major atmospheric
transmission windows are present. The wavelength limits of these windows are
defined primarily by strong absorption bands for atmospheric water vapor and
carbon dioxide. The predominant contribution to the attenuation of radiation
within the windows, under high-visibility conditions, results from a weak
background absorption that is continuous with wavelength and is associated
with water vapor. This continuum absorption remains upon subtraction of the
absorption contributions from the weak water-vapor lines loéated in the
windows. Although the magnitude of continuum absorption per unit length of
the atmosphere is small, it can cause significant attenruation of infrared
radiation for long atmospheric transmission path lengths.l‘a Accurate data on
the magnitude of the continuum absorption within the 3~ to 5~um and 8- to
12-um wavelength regions under a variety of possible atmospheric conditions
are thus required to ensure the optimum design of future infrared military

systems and to better evaluate the performance of existing systems.

This report describes the results of laboratory measurements of the weak
water-continuum absorption within the 8- to 12-um window. The measurements
were performed using mixtures of water vapor and air over a range of water
partial pressures and tempetatures that simulate those found in the atmo-
sphere. The data obtained in this program will help to establish a data base
from which appropriate models can be developed to predict accurately water
continuum absorption within the 8- to 12-im region under all possible atmo-
spheric conditions of temperature, water—vapor and air partial pressure, and
transmission path length and zenith angle.




Most studies of the 8- to 12-um water continuum absorption have been
performed in the laboratory with long-path absorption techniques using
multipass spectroscopic gas cells.”"12 The inherent sensitivity limitations
of these techniques have generally allowed these studies to be performed only
on water-vapor—air mixtures of high relative humidity at room temperature or
above. Such conditions, however, do not represent the entire atmosphere that
aust be traversed in certain space-based detection schemes for which atmo-

. spheric temperatures may range from above room temperature to -60°C (213 K).13
For detection schemes involving long-slant transmission paths through the
atmosphere, it may be necessary to accouant for water continuum absorption at

temperatures of ~10°C or below.

We have used the highly sensitive photoacoustic detection technique in
conjunction with a line-tunable CO, laser to measure water-vapor CO, laser
t absorption spectra at significantly lower temperatures than employed
previously. The CO, laser photoacoustic detection technique has been used to
accurately measure water continuum absorption spectra within the 8- to
12-um transmission window.14'16 These measurements, howevér, were made

f primarily on water-vapor--air mixtures at temperatures above 20°C.

The origin of the water continuum absorption within either transmission
window has not been well characterized. Collisional-broadening or water-vapor
aggregate (mainly water dimer) mechanisms, or both, have been most frequently
proposed to account for water continuum absorption within the 8- to 12-um

17,18 and water

window. The most thoroughly developed collisional-broadening
1 dimer models!9»20 can predict the proper magnitude of the 8- to 12-um

continuum absorption near room temperature. These models, however, predict
different dependences of the continuum absorption on temperature and water

partial pressure. Thus, extension of the continuum measurements to lower

teoperatures than previously studied and determination of the continuuam's
water-pressure dependence below room temperature should permit better
quantification of the relative contributions of the collisional-broadening and
water aggregate mechanisms to 8- to 12-um continuum absorption. Knowledge of
the relative importance of each of these mechanisms, or other possible

21 4¢ a function of temperature, and water-vapor--air partial

mechanisnms,
pressure is needed to permit the continuum-sbsorption phenomenon to be modeled

and accurately predicted under various atmospheric conditions.




Section 11 describes the contributions to the atmospheric attenuation of
infrared radiation and reviews previous studies of the water-vapor continuum
absorption within the 8- to 12-um atmospheric transmission window. It also
briefly describes the CO,-laser-based photoacoustic technique used in the
present program. Section III describes the experimental apparatus and pro-
cedures used to measure the water continuum under various simulated atmo-

spheric conditions. Section IV presents and discusses the water continuum

data determined in this study. Conclusions to the study are outlined in
Section V.
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II. BACKGROUND

A.  ATMOSPHERIC ATTENUATION OF INFRARED RADIATION

The efficiency with which infrared radiation is transmitted through the
atmosphere depends upon various properties of both the radiation field (viz.,
wavelength, spectral bandwidth, radiance, and coherence) and the propagation
media over the transmission path (viz., type, abundance, and distribution of
gases, aerosols, and particles, as well as the atmospheric temperature and
pressure). The atmospheric attenuation of infrared radiation primarily
results from absorption by molecular atmospheric constituents and scattering
by aerosols and particles. Under normal atmospheric conditions of high visi-
bility, molecular absorption makes a significantly greater contribution to the
attenuation of radiation throughout the infrared region (wavelengths between
approximately 1 um and 1 mm) than does aerosol or particle scattering. Atten-
vation due to Rayleigh scattering from molecules and scattering at locations
of turbulence-induced atmospheric refractive-index 1nhomogené1ties is gen-
erally much less important in the infrared than molecular absorption or aero-

sol and particle scattering.

The magnitude of the attenuation caused by scattering from aerosols and
particles is determined by their number density, size distribution, and compo-
sition. These factors are influenced by geographical locat'on and time-
varying meteorological conditions. The phenomena of scattering of infrared
radiation from aerosols and particles, such as found in clouds, fog, rain, and

haze, have been reviewed by Zuev.22

The earth's atmosphere can be divided into a number of different layers
based on its vertical temperature profile and other properties. Almost all of
the water vapor and over three-fourths of the other atmospheric gases are
contained in the tropcsphere.13 In the troposphere, the lowest layer of the
atmosphere, average temperatures generally decrease rapidly with increasing
altitude and convection mixing of gases occurs. The vertical thickneass of the
troposphere varies with latitude and season; it may extend to 18 km at tropi-
cal latitudes and to 10 km at polar latitudes. The tropocﬁhete 18 bounded by
the stratosphere, which may extend to altitudes of 50 km. Temperatures in the

11




RGN

e Gt s d) o SO S e 2 5

s v

stratosphere are nominally constant with increasing altitude to about 25 km

but then increase rapidly above 25 km.

The infrared-active atmospheric species present in the greatest natural
abundance and causing the most intense integrated absorption over the
infrared-wavelength region are water vapor and carbon dioxide. The wavelength
regions of high relative transmittance in combined infrared spectra of these
compounds generally correspond to the wavelength regions of the atmospheric
infrared transmission windows, as Fig. 1 indicates. The integral absorption
of atmospheric ozone throughout the infrared is much weaker than that of water
vapor or carbon dioxide. However, ozone does possess some strong, sharp
absorption lines between about 9.4 and 9.8 um. The minor infrared-active
constituents of the atmosphere -- methane, nitrous oxide, carbon monoxide,
nitric oxide, nitrogen dioxide, nitric acid, ammonia, sulfur dioxide, and
partially deuterated water — contribute negligibly to the integral absorption
of infrared radiation by the atmosphere. However, their attenuation

effectsz'23

may have to be considered for applications involving the propaga-
tion or detection of narrow-band infrared radiation within the 3- to 5-ym and
8- to 12-m atmospheric transmission windows.* Under clear atmospheric
conditions, water-vapor continuum absorption is the most important contributor
to the attenuation of infrared radiation within these transmission windows.
The mechanisms proposed as being responsible for this absorption are described

in Section 1I.D.

Nitrogen and oxygen, the major components of the atmosphere, are vibra-
tionally infrared inactive in their isolated molecule state, because they do
not have permanent dipole moments that can couple their vibrations to a
radiation field. In the atmosphere, however, the fundamental vibrational
transitions in nitrogen and oxygen (centered at 4.24 and 6.33 um,
respectively) may become very weakly allowed during nitrogen--oxygen molecular
collisions and collisions of nitrogen or oxygen with other atmospheric

*The wavelength centers of the strongest absorption bands in the vapor-phase
infrared spectra of the minor atmospheric constituents are methane (3.3]1 and
7.66 ), nitrous oxide (4.50, 7.78, and 16.98 im), carbon monoxide (4.67 um),
nitric oxide (5.33 mm), nitrogen dioxide (3.44, 6.17, and 15.43 ym), nitric
acid (2.82, 5.85, 7.51-7.55, 11.38, and 13.12 ym), ammonia (3.00, 6.14, and
10.53 m), sulfur dioxide (7.33, 8,68, and 19.23 um), and partially deuterated
water (3.68, 7.13, and > 12 m).

12
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gases.z4 Consequently, the effect of a collision-induced nitrogen continuum
absorption needs to be considered for applications involving the long-path
transmission of 3.7- to 4.7-m radiation.25'26 The attenuation effect of the
corresponding collision-induced oxygen continuum asbsorption near 6 um, on the
other hand, can be neglected relative to the strong attenuation produced by
water vapor in this region. Molecular oxygen does possess two weak absorption
bands that must be taken into account for applications involving the atmo-
spheric transmission of near-infrared radiation. These bands are centered at
1.27 umn and 1.07 ym and correspond to the 0--0 and 0——1 vibrational transi-
tions, respectively, of the 0;6 a(lAg)~X(3£;) electronic absorption band, 22

B. CALCULATION OF ATMOSPHERIC ABSORPTION

To calculate accurately the long~-path atmospheric absorption of infrared
radiation, information is needed on the concentrations of the absorbers as
well as conditions of temperature and pressure over the transmission path.
Information is also required on the infrared spectral properties of these
absorbers as a function of atmospheric temperature and pressure for the

wavelength region of interest.

Nitrogen, oxygen, methane, and nitrous oxide are uniformly mixed by
convection in the atmosphere, so their specific concentrations can be
congsidered constant with altitude for the bottom 90-km atmospheric
layer.l3'22'25'26 Carbon dioxide and carbon monoxide can be produced by
natural processes and by the burning of fossil fuels.?’ Higher-than-
background levels of these gases may be present at source locations. However,
for the purpose of atmospheric transmission calculations, their mixing ratios
can generally also be considered constant with altitude for the bottom 90-km
portion of the atmosphete.22'25’26

Ozone, nitric oxide, nitrogen dioxide, nitric acid, ammonia, and sulfur
dioxide are also produced by natural processes and fossil-fuel burning. These
gases and water vapor, however, are not uniformly mixed in the atmosphere, and
their concentrations may vary greatly with altitude. In addition, significant
diurnal, sessonal, and geographical variations may be observed in the concen-
trations of these gases.27°3°

14




Water-vapor concentrations vary greatly in the troposphere. The maximum
concentration of water vapor at a given altitude is governed by the air
temperature at that point, Water-vapor pressures above 30 Torr (1 Torr =
0.1333 kPa) are possible near the earth's surface in tropical climates., The
allowable water-vapor pressures decrease rapidly with decreasing temperature.
Water-vapor pressures of 0.1 Torr or less are observed in air samples at
temperatures near ~40°C, such as found in the colder regions of the tropo-
sphere at altitudes above about 8 km.

When fimportant in atmospheric transmission calculations, the
transmission-path—-dependent concentrations of nonuniformly mixed absorbers are
established independently, e.g., through radiosonde measurements, or are pre-
dicted using model concentration profiles. Only small teaporal and geograph-
ical variations are observed in atmospheric pressure in the lower 30-km layer
of the atmosphere. For example, sea-level pressures measured at various
global locations generally vary by less then £3X from the average value of
760 Torr.22 The same vertical atmospheric-pressure profile can always be used
for various locations around the world. Vertical stmospheric-temperature
profiles, however, vary with season and geographical location. Vertical
profiles for pressure and temperature as assumed in a standard model of the
atmosphere are listed in Table I as a function of altitude up to 30 km.13

The most useful infrared spectral parameters for accurately calculating
the contributions of different atmospheric absorbers are the absorber
vibration-rotation line-center frequencies, lower state vibrational-rotational
energy levels, absorption line strengths, air-broadened line widths as a
function of temperature, and line shapes. With the exception of line-shape
data, which are not available for all atmospheric species in the desired
spectral regions, the Air Force Geophysics Laboratory (AFGL) has compiled an
extensive set of such data on magnetic tape from high-resolution spectral
measurements for the atmospheric species water vapor, ozone, oxygen, methane,
nitrous oxide, carbon monoxide, carbon dioxide, nitric oxide, nitrogen
dioxide, nitric acid, smmonia, and sulfur dioxide.3l'32

Several highly useful computer codes have been developed at
APGL25+26,33-36 gng glgewhere37-39 that make use of this AFGL data set, called
the Atsospheric Line Paraseters Conpilation.al'sz to compute synthetic
atmospheric transaission and emission spectra. AFGL developed the computer

15




TABLE I. TEMPERATURE AND PRESSURE AS A FUNCTION OF
ALTITUDE IN ARDC® MODEL ATMOSPHERE

Approximate
Atmospheric Saturation
Altitude Temperature Pressure Water Pressure

(ka) Tﬂ—L_T'EY (Torr) (Torr)
0 288.16 15.01 760.00 12.79
1 281.66 8.51 674.13 8.30
2 275.16 2.01 596.31 5.29
3 268.67 -4.48 525.95 3.29
4 262.18 -10.97 462.49 2,00
5 255.69 =17 .46 405,39 0.98 F 3
6 249,20  -23.95 354.16 0.53 ¢
7 242,71 -30.44 308.31 . 0.29 [
8 236.23  -36.92 267.41 C 0.13 }
9 229.74 =-43.41 231.02 0.069 ’
10 223.26 -48.89 198.76 0.034
11 216.78 =56.37 170.26 0.014
12 216.66 -56.49 145.51 0.014
14 216.66 -56.49 106.29 0.014
16 216.66 «56.49 77.65 0.014
18 216.66 «56.49 56.74 0.014
20 216.66 ~56.49 41.47 0.014
22 216.66 ~56.49 30.32 0.014
24 216.66 «56.49 22,17 0.014
25 216.66 ~56.49 18.96 0.014
26 219.34 -53.81 16.23 0.018
28 225.29 ~47.86 11.96 0.030
30 231.24 ~41.91 8.89 0.087

k. -- . J
SModel atmosphere developed for Air Research Development Command (ARDC)
in 1959 by Air Force Cambridge Research Center (now Air Porce Geophysics

Laboratory).
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code HITRAN to calculate high-resolution transmission and radiance over
atmospheric pathc.33 The original HITRAN code convolved the Lorentz line
shape with the molecular lines of the different atmospheric species to
calculate transmission by summing the absorption contributions of each line.
This code had the disadvantage of requiring large amounts of computer time and
subsequent runs for emission calculations. A newer HITRAN code (FASCOIE)
convolves a Voigt profile with the molecular lines to more rapidly calculate
the transmission cpectra.25'36 FASCODE can also simultaneously calculate the
overall radiance of a multilayer path. 1In the FASCODE program, the atmosphere
is represented by a 33-layer model between O and 100 km. Each layer-is
assumed to be in thermal equilibrium. The temperature, pressure, and
concentration of water vapor and ozone in each model layer are selected to
reflect their variations with altitude. The mixing ratios of nitrogen,
oxygen, methane, nitrous oxide, carbon monoxide, and carbon dioxide are
sssumed to remain constant with altitude. Altitude profiles of the
nonuniformly mixed gases can be incorporated into the code.

The HITRAN codes can be used to calculate atmospheric absorption spectra
at any spectral resolution. Becsuse HITRAN computation times can become
excessive for low-resolution applications, AFGL developed the much simpler and
faster LOWTRAN computer code with a fixed 20 en!
transmnittance and radiance calculations.35'36'26 The HITRAN and LOWTRAN codes
currently cover wavelengths longer than 0.69 im and the range 0.25 to 28.5 um,

spectral resolution for

respectively.

The LOWTRAN calculation is similar to several previous single—parameter
band Iodel* calculations. LOWIRAN uses an stmospheric layer model similar to
that used in HITRAN, except that the LOWIRAN calculation combines the molec-
ular abundance and pressure dependence of absorption and neglects the temper-
ature dependence. The replacement of these independent variables by a single
paraseter results in a reduction in the computational accuracy of the LOWTRAN
code compared to the HITRAN code.35 The major limitation in the accuracy of
HITRAN is due to lack of adequate information concerning the shapes of the

iA band model 1s an idealized msthemstical representation of the frequency
dependence and intensity diutributton‘Bf the vibrational-rotational spectral
1ines of a moleculsr absorption band.
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wings of molecular absorption lines for various atmospheric species, particu-
larly water vapor. In those wavelength regions where absorption contributions
from molecular lines are much more important than water-vapor or nitrogen
continuum absorption contributions and aerosol attenuation, HITRAN can
provide transmittance accuracies of 1 to 2% at 20 cn~l resolution for most
atmospheric paths; the faster LOWTRAN code can generally provide transmittance
accuracies of about £5X. Because the temperature dependence of wmolecular line
absorption is neglected in LOWTRAN calculations, larger uncertainties may
exist in spectral regions near absorption lines having large temperature

dopcndenceo.35

In addition to the absorption contributions of molecular lines, the
contributions of aerosol attenuation and continuum absorption by water vapor
and nitrogen must be modeled within the atmospheric transmission windows in
both the HITRAN and LOWTRAN codes. Because it is difficult to accurately
model continuum absorption snd aerosol contributions, the largest uncertain-
ties in HITRAN and LOWTRAN calculations of transmittance aqd radiance occur
within the transmission windows. 1In these regions, the accuracy of both codes
is & function of (1) the accuracy of the laboratory measurements of water and
nitrogen continuum absorption over the range of possible atmospheric condi-
tions, and (2) how well available aerosol models can be matched to the actual
atmospheric conditions. Thus, the accuracies with which computer codes such
as HITRAN and LOWTRAN can calculate transmittance and radiance in the window
regions will improve once reliable water and nitrogen continuum data bases are

established and improved aerosol models are developed.

C. €0, LASER PHOTOACOUSTIC DETECTION TECHNIQUE FOR
WATER CONTINUUM ABSORPTION MEASUREMENTS

Since the development of the CO, laser in 19611‘l there has been increas-
ing interest in accurately determining the atmospheric transaission properties
of its output, particularly at the highest gain lines, for a number of appli-
cations. The c‘zo;° laser has a spectral output of greater than 100 dis-
cretely tunable lines between 9.1 and 11.0 im, and other CO, isotopic species
can produce discretely tunable output at wavelengths as long as 12.0 u-;‘z
therefore, such lasers are well suited to function as excitation sources for

the study of water continuum absorption throughout much of the 8- to 12-um
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transmission window. For these reasons, COZ lasers have been used as excita-
tion sources in water absorption studies with conventional long-path absorp-

5,8-10 14-16,43

tion detection systems and with photoacoustic detection systems.

The very weak nature of the 8- to 12-um water continuum absorption
requires highly sensitive absorption-measurement techniques to precisely
determine its magnitude under different laboratory-simulated atmospheric
conditions. The water continuum sbsorption coefficient is only about
1076 cu™! 1n the 10-m wavelength region for air mixtures containing 10~-Torr
water vapor at room tenpeuture.l"'l6 Techniques capable of measuring absorp-
tion coefficients of 108 ca~l or smaller are required to reliably study 8- to
12-1m water continuum contributions to atmospheric attenuation over various

long~-slant atmospheric transmission paths.

Photoacoustic detection systems are capable of measuring much smaller
absorption coefficients than can be measured by practical long-path absorption

44-48 The sensitivity of the long-path absorption technique

detection gystems.
is ultimately limited by the difficulty in measuring the small difference in
the intensities of the incident and transmitted light beams through the
absorber being studied. Measurement of absorption coefficients on the order
of 1(')"8 cln"1 by the long-path absorption technique would require the use of
5-km absorption path lengths if a practical detector capable of measuring
light intensity differences down to 0.5% could be employed. A multipass
absorption cell of this type would be large and expensive, and it would

require lengthy pump-down and ssmple-mixing procedures.

The photoacoustic technique is inherently more gensitive than the long-
path absorption technique because it can measure small absorption signals
sgainst a null background. Laser photoacoustic systems designed to minimize
photoacoustic cell window absorption can measure absorption coefficients of
10720 ¢5 1079 cu~1.44-%8 gy ch detection sensitivities can be obtained with
absorption path lengths of only several centimeters. This allows the use of
sasll-volume cells, enabling rapid cell pump down and sample mixing. By the
CO, laser photoscoustic technique, the output beam from a wavelength-tunabdle,
continuous-wave (cv) CO, laser is intensity-modulated and passed through a
photoacoustic cell containing the gas sample whose absorption is to be

seasured. Radiation perfodically absorbed by the species of interest (in this
study, by water molecules) is converted through collisions with nonabsorbing

19

R

2
“w




buffer gas molecules (N, and 0,) in the cell into periodic increases in
thermal motion of the entire gas mixture. The result is a periodic increase
in cell pressure, which can be sensitively detected at the precise
light-modulation frequency by a microphone or other sensitive pressure
trangducer, such as a capacitance manometer, in conjunction with a lock-in
amplifier.

D. PREVIOUS 8- TO 12-1m WATER CONTINUUM ABSORPTION STUDIES

The existence of a water-vapor continuum absorption in the 8- to 12-ym
stmospheric transmission window was first proposed by Elsasser in 1938.49
Elsasser attributed the continuum to contributions of the collisionally
broadened extreme wings of strong absorption lines located in the water-vapor
vibrational-rotational band centered at 6.3 ym and in its pure rotational band
located at wavelengths longer than 12 um. The presence of such continuum
absorption was later confirmed by measurements of the attenuation of solar

radiation,so artifictal radiation,SI's and atmospheric enicaion,sz

over long
horizontal or slant atmospheric trausmission paths. These measurements,
however, did not allow an accurate determination of the dependence of the
continuum absorption on temperature and water-vapor partial pressure. This
was due, in these studies, to uncertainties in the magnitudes of the latter
quantities over the transmission path and the lack of accurate information on
the attenuation caused by such variable atmospheric factors as aserosols and

clouds.

To better ascertain the dependence of the 8- to 12-ym water continuum on
temperature and water~vapor--sir pertial pressures, several groups have
measured continuum absorption in the laboratory on synthetic water-vapor--air
mixtures. These measurements have primarily been performed over long
abeorption paths through the use of White-type multipass absorption cells in
conjunction with either conventional incoherent infrared sources5:7:11 or
fnfrared laser sources.”)»8-10,12 Recently, the COj laser photoacoustic
technique was employed in the study of the water continuum in the 8- to 12-um
rc;ion.“"l6 The observations from these various laboratory studies are
outlined in Subsection 1I.D.1 below. In each study, measurements were
performed on mixtures of water vapor in either nitrogen or synthetic air
(802 Ny~-20% 0,) to eliminate absorption contributions in this epectral region

from carbon dioxide in natural air. In Subsection I1.D.2, we describe some of
the msodels developed to account for the 8~ to ]12~uym water continuum.
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1. EXPERIMENTAL STUDIES OF 8~ TO 12-um WATER CONTINUUM

In 1969, McCoy, Rensch, and Long5 reported the results of a study on the
dependence of water continuum absorption on water partial pressure at the COjp
laser 9.4- and 10.4-um band P(20) lines (wavelengths 9.553 and 10.591 um,
respectively). These measurements were performed at temperatures of 23 to
26°C using a multipass gas cell with a l-km path length. When the cell was
filled with water vapor only, the continuum absorption dependence on water-
vapor pressure was purely quadratic. When the cell was filled with mixtures
of water vapor and air at total pressures of 700 Torr, the continuum had
dependence on water-vapor pressure that included both linear and quadratic
terms. McCoy et al.> attributed the continuum absorption to collisional
broadening of the far wings of strong water-absorption lines located on each
side of the 8- to 12-um window as proposed earlier by Elsasser.4? The linear
water—pressure term was associated with collisional broadening of water lines
by air (foreign broadening), whereas the quadratic water-pressure term was

associated with broadening caused by collisions between water molecules (self-
broadening).

In 1970, Bigne117 reported the results of water-vapor absorption measure-
ments at selected wavelengths between 8.9 and 20.9 um. These measurements
were performed with a grating-spectrometer-equipped, multipass-absorption cell
that gave path lengths up to 0.5 km. A Nernst glower was the infrared source.
The absorption data obtained were regarded as representing true water contin-
uum absorption, because the wavelengths used were considered to be free of
local water absorption lines and their near wings. Measurements were per-
formed on 750-Torr total pressure air mixtures containing up to 26 Torr of
water vapor at various temperatures between 21 and 45°C. Only limited absorp-
tion data could be determined at wavelengths between 8 and 12 um, owing to
sensitivity limitations in the absorption measurements. More extensive data
were obtained within the 17- to 21-um region, where the absorption was about
an order of magnitude more intense than the 8- to 12-um absorption. The
absorption attributed to the continuum in the 17- to 21-um region had a
noticeable positive curvature from a pure linear dependence on water-vapor
partial pressure and was reported to have a negative temperature coefficient.
The absorption incressed in magnitude by about 2X for every degree-Celsius
decrease over the 21 to 45°C temperature range studied. The limited
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absorption data determined between 8 and 12 m were reported to have a
dependence on water-vapor partial pressure and temperature similar to that of
the 17- to 21-um data. To explain his observations, Bignell suggested that
two mechanisms of continuum absorption may be involved. These included
absorption contributions due to (1) foreign broadening of water lines, and
(2) the formation of water-vapor dimers. The water dimer mechanism had been

proposed previously by Varanasi et 11.53

to account for the continuum
absorption observed between 10 and 17 im in high-pressure (2-5 atm) and high-

temperature (177-227°C) steam samples.

Burch, in 1970,6 was able to measure, more accurately and extensively
than Bigne11,7 absorption on water-vapor—nitrogen mixtures at several
selected wavelengths between 8 and 12.5 um. To obtain his data, Burch
employed a Nernst glower source combined with a grating~equipped, multipass
absorption cell with & total path length up to 1.2 km. The temperatures used
were 23, 85, and 115°C. As in the measurements of Bignell, the wavelengths
selected were believed to correspond to regions where local water-line
absorption contributions were negligible compared with continuum absorption.
Similar measurements were made by Burch and coworkers in 19734 and 197453 at
selected wavelengths between 12.2 and 30 m. A temperature coefficient of
approximately -2%/°C was observed for the 8~ to 30-um continuum between 23 and
115°C. The magnitude of the continuum absorption increased with increasing
wvavelength between 8 and 30 ym. An increase of about a factor of 3 was
observed betveen 8 and 12 um, and an increase of over two orders of magnitude
was observed between 8 and 30 um.6’11'5"57 Burch and coworkers interpreted
their water continuum absorption data in terms of a mechanism involving the
collisional broadening of the far wings of strong vater-absorption lines.
They showed that s simple Lorentzian line shape for the water lines could
not account for the continuun's magnitude and concluded that a super-
Lorentzian line shape with larger far-wing absorption contributions must be
..910,‘4.11.56.37

In 1975, Arefev and covorkers®

reported the results of CO, laser absorp-
tion messurements on pure water-vapor ssmples at 20 1 1°C, using a multipass

absorption cell with a total transaission path of 3 km and water pressures up
to 17 Torr. Because the €0, laser output occurred alternately at the 10.4-um

band laser lines P(16), P(20), P(22), and P(24), the absorption wavelength was
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regarded as being 10.60 + 0.05 un. They observed that their 20°C transmission
data for pure-water samples had a dependence on water pressure that was within
experimental uncertainty of the quadratic dependence observed earlier by McCoy
et al.> at 23 to 26°C.

Arefev and Dianov-xlokov9 reported additional absorption measurements
with the long-path cell in 1977. Measurements were performed on pure water-
vapor samples between 11 and 80°C and on 760-Torr total pressure water-vapor—
nitrogen mixtures at 20 and 50°C. Water pressures up to 20 Torr were
employed. The absorption coefficient at 10.60 + 0.05 um could be fit by an
expression of the form .

2 e—AH/RT

2P0

absorption (abs.) = klpnzo(l + OPNZ) +k .

where Py o is the water partial pressure, PNz is the nitrogen partial
pressure, R is the gas law constant, and T is the temperature in degrees
Kelvin. The terms kl, kz, a, and AH are constants determined in the fit
(k) = 1.86 Torr !, ky = 0.47 Torr™2, a = 2.3 x 1073 Torr~}]. Thus, as in

previous ctudies,5-7

the absorption had both a linear and a quadratic
dependence on water pressure. Because AH was determined to be —4.5 kcal/mol
(-18.84 kJ/mol), the quadratic water-pressure term was concluded to have a
negative temperature coefficient equal to the approximately -2%/°C dependence

‘at room temperature and above reported by Bigne117 and Burch et a1.6,54-57

9

Arefev and Dianov-Klokov’ attributed the continuum to absorption contributions

due to the formation of water-vapor dimers.

Shumate and coworkerslb

employed the CO, laser photoacoustic technique in
1976 to measure the absorption of synthetic water-vapor—air mixtures at

27 ¢+ 1°C. These measurements were performed at 49 different CO, laser wave-
lengths from 9.2 to 10.7 1» on mixtures containing 5.0~, 10.0-, and 15.0-Torr
water vapor. As observed in earlier studies by Burch et nl..6""l"57 the
magnitude of the continuum in this spectral region gradually increased with
incressing wavelength. This was most noticeable for water partial pressures
of 10 Torr or more. As also observed in previous water continuum utudiel.s'g
the magnitude of the continuum absorption within this wavelength region had a
dependence on water pressure that could be modeled as a sum of linear and

quadratic terms. The quadratic dependence on water pressure was of greater
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relative importance for wavelengths within the 10.4-um band than within the
laser 9.4-um band, and was concluded to account for the larger continuum
absorption observed at longer wavelengths when air mixtures containing partial

pressures of 10 Torr or more were employed.

In 1978, Hontgonetylz reported the results of measuring water-vapor
continuum absorption at 8.313 um as a function of temperature between 60 and
200°C. The measurements, on 760-Torr nitrogen mixtures containing water
partial pressures of 80 Torr or more, were made with a multipass cell whose
total path length was 40 m. The infrared source was a lead-tin-telluride
diode laser, which could be tuned to the 8.213-um region, where absorption
contributions from local water lines were concluded to be negligible. His
continuum data overlapped and extended the 27 to 115°C continuum data obtained
earlier by Burch® in the 8- to 12-um region. The water continuum absorption
coefficient over the 60 to 200°C range studied deviated only slightly from a
purely quadratic dependence on water partial pressure, as expected at the
> 80-Torr water partial pressures employed. In the 60 to 115°C range, the
water continuum data at 8.313 um were in good agreement with the corresponding
data obtained by Burch.® Between 27 and 100°C, the continuum data of
Montgomery, like the 8- to 12-ium data of Burch, possessed a temperature
coefficient of about -2%/°C. However, a nearly constant or very weak positive
temperature coefficient was observed for the continuum from ~ 100 to 200°C.

To interpret the 27 to 200°C continuum data of Burch® and Montgomery,}?2
Montgomery suggested that, near room temperature, the water dimer contribution
to the continuum is more important than a contribution from the collisional-
broadening of wings of waterlines. He hypothesized that, with increasing
temperature, the dimer contribution would decrease and eventually become
smaller than the collisional-broadening contribution. At temperatures above
approximately 100°C, the dimer mechanism was concluded to become of negligible
importance relative to the collisional-broadening mechanism. The collisional-
brosdening mechanism was thought to remain nearly independent of temperature
between about 100 and 200°C.

In 1978 and 1979, Long's group extended their previous studies of water
continuum aboorption.lo'15-16 Nordstrom et al.l0 reported the results of
pressure-broadened, room-temperature (22.5°C) transmittance measurements on

water-vapor samples at five wavelengths within the CO, laser 10.4-ym band.
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Selected water partial pressures between 6 and 16 Torr and the same long-path

5 were employed in these measure-

absorption cell used earlier by McCoy et al.
ments. With the buffer gases pure nitrogen, 80% Nz--ZOZ 0,, and 607 N,=-40%
0y, Nordstrom et al.l!0 found that oxygen is a less efficient broadener of
water absorption lines than nitrogen. The results of this study indicate that
the buffer-gas mixture 80% N,--20% 0, should be employed rather than pure
nitrogen as a collisional broadener in laboratory studies designed to model

atmospheric transmission.

More extensive pressure-broadened measurements of water-vapor absorption
at C02 laser wavelengths were reported by Peterson et 51.15’16 These measure-
ments were performed as a function of temperature and water partial pressure
with this same long-path.absorption cell, as well as with a photoacoustic
detection system. Absorption measurements were made on mixtures of water
vapor in nitrogen at a total pressure of 760 Torr at 27 €O, laser wavelengths
between 9.24 and 10.70 um. These measurements were performed in the 22,5-to-
24.5°C temperature range. As in previous studies, the water continuum in this
wavelength region was observed to increase slowly with 1ncfeasing wave-

length. Petersonl’

also studied the temperature dependence of the water
continuum absorption between 16 and 27.6°C at the 10.4-um band laser lines
P(16) and P(20) when an 80% N,--20% 0, mixture was used as the buffer gas. A

temperature coefficient of approximately -1,7%/°C was observed for this

continuum at 22°C. Long's group also interpreted their water continuum data
in terms of a mechanism involving the collisional broadening of the far wings
of strong water-absorption lines. A collisional-broadening model developed by

Nordstrom and Thomasl!7:18 of Long's group is outlined in the following

description of water continuum models.
2. WATER CONTINUUM MODELS

The water continuum absorption in the 8- to 12-ym window, wost often
explained in teras of collie1onal-broadenings'7'10'12’14'16 and water-vapor
di-¢r7'9'12'4 mechanisms, has also been attributed by a few researchers to
vater aggregates that are much larger than dimers and to various large
hydrated~ion clusters. 2] However, the recent studies!9,20 discussed below

indicate that, compared with water dimer species, trimer and higher-order

vater oligomers and various hydrated-ion clusters contribute negligibly to

water continuum absorption. We will use the term “water cluster” as a general
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expression to refer to water dimers, higher-order water oligomers, and
19,20 .4

hydrated-ion clusters. The most thoroughly developed water-cluster

58,17,18

collisional-broadening continuum models are described here.

a. Water-Cluster Models

53,59,19,20

The hypothesis that the water dimer mechanism causes the 8- to

12-um continuum absorption has been based primarily on the dimer model's
ability to predict the negative-temperature and pure quadratic water-pressure
dependences observed for the water continuum in several of the above-described

experimental studies. Suck and coworker819’2°

recently performed theoretical
estimates of the magnitude of the water continuum absorption that would be
produced in the 8- to 12-um window by the formation of both homomolecular
[(nzo)n] and heteromolecular [A?(Hzo)n, where At 15 o positive or negative
ion] water clusters. Water aggregate models were proposed and expressions

derived to calculate (1) the partial pressures of water dimers, higher-order

water oligomers, and hydrated-ion clusters as a function of temperature and
water pressure, and (2) the wavelength positions, intensities, and spectral !
profiles of new infrared absorption bands proposed to develop from the ’
formation of these water clusters.

60,61

Molecular orbital calculations and molecular beam microwave spectro-

scopic experiments62 have indicated that the most energetically favorable
equilibrium structure of the water-vapor dimer is the translinear geometric
configuration shown in Fig. 2. Suck and coworkers based their dimer model on !
this proposed structure. They calculated the equilibrium concentration of

water dimers C(H 0), 88 2 function of water concentration Cuzo through the
relationship C(Hzo)2 = KZCn 0’ where K, is the temperature-dependent equilib-
rium constant for water dimer formation. Ky was calculated by the simple
statistical mechanical theory of equilibriun.63 This involved constructing
molecular partition functions for the water dimer and water monomer species.
K, was concluded to vary approximately with temperature by the factor

v

6
T3 1g1 exp(-hv1/2k1) exp (~M0°/RT)

[t - exp(-hw/x1)]
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where h is Planck's constant, k is Boltzmann's constant, and the V{ correspond
to the frequencies of the six intermolecular vibrational modes of the water
dimer. Here 8H® is the water-vapor dimer electronic binding energy at O K;

R is the zas law constant; and T is the temperature in K. On the basis of
molecular orbital calculations, Suck and coworkers19+20 chose the binding

energy to be -6.5 kcal/mol.

Of the six intermolecular vibrational modes available to the water dimer,
the highest-frequency mode was concluded to be the out-of-plane bending mode
about the hydrogen bond axis. The vibrational-rotational absorption band
associated with this mode was calculated to be centered near 16 um and con-
cluded to have a Lorentzian-shaped intensity profile with a half-power band-
width of 200 cem~1.* The integrated absorption strength of this band was
predicted numerically. Molecular orbital theory was used to calculate the
square of the dipole-moment variation with respect to the dimer out-of-plane
bending normal coordinate. Suck et a1.19,20 estimated, with their dimer
model, that the high-frequency tail of the out-of-plane dimer absorption band
should produce water continuum absorption coefficients of between
1 x 1077 cm~! and 1.7 x 1076 en~! at & wavelength of 10 um for air mixtures
containing between 4- and l4-Torr water vapor at 23°C. These values are in
reasonable agreement with the water continuum absorption coefficients of
between about 4 x 1077 cm™! and 1.8 x 1076 cn~! obtained by Shumate et al1.l4
in air mixtures containing between 5- and 15~-Torr water vapor at 27°C. Suck
et a1.19:20 thus concluded that the water-vapor dimer mechanism may be an

important contributor to water continuum absorption in the 8~ to 12-um window.

Suck and coworkers demonstrated that the concentration of the water
oligomer (H;0), in a water-vapor sample can be expressed by the general

relationship Cn 0) ~ xncg o Where K, ig the temperature-dependent
equilibrium consgang for formation of (Hy0),. They estimated that at 23°C and

*To date, no direct spectroscopic measurements have been made on the
vibrational-rotational band contours of the water dimer in the vapor phase.
The prediction by Suck et 81.19,20 that the out -of -plane bending mode is
located near 16 um is in agreement with calculations of other workers®! and is
within the 12.5 to 25-um range in which hindered rotational absorption bands
caused by dimer formation are observed in liquid water. The hindered rota-
tional bandgain liquid water are reported to have 200~ to 250-cm~!

bandwidths.,
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its water saturation pressure of 21 Torr, the dimer-to-monomer concentration
ratio Czlcl 18 2.4 x 10”3, Under the same conditions, the trimer-to-monomer
concentration ratio C3/C1 was estimated to be 1.9 x 10'6. The concentration
ratios cn/cl for n > 3 were similarly calculated to decrease by several orders
of magnitude for each incremental increase in cluster size n. Because the
computed integrated absorption strengths increased with increasing cluster
size at a much slower rate than Cn/cl decreased, it was concluded that, unlike
water dimers, trimers and larger water clusters should not contribute

significantly to absorption in the 8- to 12-m window.

Given typical ion concentrations in the atmosphere, the concentration of
hydrated-ion clusters, such as u3o+--(820)n, were further concluded to be less
than 10710 times the water dimer concentration in the lower atmosphere Since
the absorption cross sections of these ion clusters were calculated to not be
several orders of magnitude larger than that of the dimer, these ion clusters,
unlike the water dimer, were also concluded by Suck et a1.19’2° to be unable
to account for the observed magnitude of the 8- to 12-um water continuum

sbsorption.

Figure 3 compares the experimental temperature dependence of the com-
ponent of the water continuum absorption coefficient that is quadratic in
water partial pressure with that predicted by the water-vapor dimer mechanism
and, as discussed in the following section, by the collisional-broadening
mechanism. The experimental data shown here were determined by Burch et
a1.6,34,55 4p the 8- to 12-m region between about 27 and 100°C and by
Hontgomery12 in the 8-im region between 60 and 200°C. The quadratic water-
pressure component, which results from either the binary association of water
molecules to form water dimer species or the broadening of water absorption
lines by binary collisions between water molecules, or both, is expressed in
Fig. 3 in terms of the so-called continuum absorption self-broadening coef-
ficient* used extensively in the literature. Although the water dimer

*The so—-called self-broadening coefficient C'(A, T), plotted versus temperature
in Fig. 3, 1is most often defined in the literature through the relation

sbs.(, T) = Cy(%, Twy olpy o + YA TXP - p, 1))
2 2 2
[Footnote continued on page 31.])
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mechanism fails to predict the observed positive temperature coefficient above
about 100°C, it predicts a negative temperature coefficient that is close to

the measured value between room temperature and 100°C.

b. Water Collisional-Broadening Models

Clough and coworkers 8 and Nordstrom and Thomasl?»18 have recently
employed molecular absorption line-ghape theory in an attempt to predict the
magnitude of the water continuum absorption throughout the inffared region.
They treated the water continuum as resulting entirely from absorption contri-
butions from the collision-broadened wings of strong absorption lines of water
molecules. The shapes of these wings (spectral line profiles) were derived
by considering self-broadening and foreign-broadening collisions. The strong
water monomer lines whose wing absorption contributions were summed by both
groupsls'58 to calculate the continuum were (1) the pure rotational lines at
wavelengths longer than 12 im and centered at about 50 um, (2) the
vibrational-rotational lines within the v, fundamental band (due to bending)

2
centered at 6.27 ym, and (3) the vibrational-rotational lines within the v

and vy fundamental bands (due to symmetric and asymmetric stretching) centired
at 2.73 and 2.66 um, respectively. The AFGL absorption-line listing for water
vapor,31 compiled from previous extensive spectroscopic studies, was used by
both groups to calculate the positions and intensities of these strong water
lines for specified atmospheric conditions. The models of Clough and co-
workers and Nordstrom and Thomas differ in the way they were developed and the

range of atmospheric conditions for which they are applicable.

To describe the collision-broadened shapes of the water lines in the AFGL

58 employed the impact approximation65 and

compilation, Clough and coworkers
the Van Vleck and Huber line-shape formaliem.66 Assigning the self-broadened
water line widths as five times the foreign~broadened widths, they summed the
contributions from line wings 25 cn~l from the center of each lime. In their

spproximation, the calculated continuum at 23°C was five times too small at

Here abs.()A, T) is the water continuum absorption coefficient at a particular
vavelength and temperature, wy o is the density of water vapor in molecules
per cubic centimeter, py , is the water partial pressure and P the total
pressure in atmospheres,2and Y(A, T) = Ce(A, T)/Cg(2, T) is the "foreign-
broadening to self-broadening” coefficient ratio.
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vavelengths longer than 20 um and two times too large at 10 ym. The wave-
length dependence of the continuum could be properly modeled by modifying the
impact theory to include a duration of collision time. Clough et al. did not
attempt to treat the temperature dependence of the continuum. However, they
suggested that it should be possible to account for the observed negative
temperature coefficient by including the effects of the intermolecular poten-
tial in the collisional-broadening theory.

To calculate the magnitude of the water continuum absorption in the 3- to
5-um and 8- to 12-um transmission windows as a function of water partial pres-
sure, total pressure, and temperature, Nordstrom and Thomasn'18 included the
effects of intermolecular potential in their collisional-broadening model.
They developed expressions for the spectral line profiles through the use of
the binary collision and adiabatic approximations. Time correlation functions
for the upper and lower transition energy levels of the collisionally per-
turbed absorbing molecules were described in terms of collisional scattering
operators, Rotationally averaged dipole-dipole interactions were used as the
intermolecular potentials in the collisional scattering operators to model
collisions between water molecules. Dipole-quadrupole intermolecular poten-
tials were used to model collisions between water and nitrogen or oxygen. The
total line-shape expressions were then obtained by taking the inverse Fourier

transform of the time correlation functions.

Nordstrom and Thomas concluded that the line-shape and correlation func-

tions could be divided into three regions, corresponding to near-line-center,
_intermediate-wing, and far-wing regions. Weakly perturbing collisions, such
as occur at large impact parameters, produced long-duration correlation
functions. From the time-bandwidth product of Fourier transform pairs, these
weak collisions were concluded to be primarily responsible for near-line-
center behavior. Strongly perturbing collisions, such as occur st small
impact parsameters, produced short-duration correlation functions and were
concluded to be primarily responsible for far-wing behavior. They treated the
weak-collision or near-line-center case in the impact (interruption-broadening)
.pproxi-ution65 and the strong-collision or far-wing case in the quasi-static
(statistical-broadening) .pproxinltion,67 ss has been done in previous
theories of collision-broadened line shapes. The internediate-wing region is
difficult to treat snalytically. Nordstrom and Thomas described the
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internediate-wing line shape as a linear combination of near-line-center and
far-wing line shapes. They used a frequency-dependent weighting function to
increase gradually the far-wing contribution while decreasing the near-line-

center contribution as the frequency from line center was increased.

The far-wing components of the total line-shape expressions derived by

Nordstrom and Thonasl7'18

each contained a set of 16 parameters (four differ-
ent types of parameters corresponding to each of the four fundamental absorp-
tion bands of water). These parameters were evaluated from room—temperature
water absorption data determined within the wavelength regions of the funda-
mental water-absorption bands.17+18 The 12.2- to 30~um grating spectrometer
measurements by Burch et a1.34+35 yere used to obtain far-wing line-shape
parameters for the pure rotational band of water vapor. The parameters for
the v, band were determined from CO laser water absorption measurements by

2

Long et a1.,68 whereas the parameters for the v, and vy bands were obtained

from HF laser water—-absorption measurements by 5hite et a1.69 The parameters
were determined by trial and error by summing wing absorption contributions
within 21000 cm™! ranges from selected frequencies until a éood fit to the
absorption data was obtained in the fundamental band regions. Continuum
absorption data in the 3- to S—-um and 8- to 12-im window regions were not used

in the determination of these parameters.

With the line~shape parameter fit to the absorption band regions,
Nordstrom and Thomas were able to use their collisional-broadening model to
predict the correct magnitude of the room-temperature water-vapor absorption
coefficients at DF laser frequencies within the 3- to 5-uym window and at CO,
laser frequencies within the 8- to 12-iym window. The dependence of the magni-
tude of the water absorption coefficients on water partial pressure can also
be accurately predicted at DF and CO, laser frequencies with this model. The
uodel 1s aleo sble to predict a negative absorption coefficient at tempera-
tures below 100°C and a positive temperature coefficient at higher tempera-

6 and Hontgo-ery.lz However,

tures, as observed experimentally by Burch et al.
even though the model can predict the proper magnitude of the positive
temperature coefficient above 100°C, Fig. 3 shows that it significantly
underestimates the magnitude of the negative temperature coefficient measured
between 100°C and room temperature. The lack of agreement betwsen the

predicted and actual temperature dependences was attributed primarily to
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limitations in the shapes of the absorption lines in the pure rotational band

below 12 . The latter was thought to be related to approximations in the
interaction potentials and perturbation expansions used in the collisional
scattering operators. On the basis of the ability of their continuum model to
predict the observed water-pressure dependence and to qualitatively predict
the positive and negative temperature dependences above and below 100°C,
respectively, Nordstrom and Thonasl7'18 concluded that the mechanism of far-
wing absorption contribution must be carefully considered before other
mechanisms, such as water dimers, are introduced to account for the water
continuum.”

Figure 3 demonstrates that the temperature dependences of the continuum
water-pressure quadratic component predicted by the collisional-broadening
model of Nordstrom and Thomas”’18 and the water dimer model of Suck et
al..l9'20 described above, diverge significantly below room temperature.

Thus, the below-room-temperature water continuum absorption data determined in
this study will permit further testing of the predictive capabilities of

these, or other, water continuum absorption models.

.Thil conclusion has also been reached by Burch and coworkets,56'57 who
deternined the shape of the water continuum between 12.2 and 30 um in order to
exsnine vwhether absorption maxima indicative of dimer absorption bands could
be observed in this wavelength region., They calculated an "empirical
continuun” between 12.2 and 30 um by subtracting theoretical water continuum
self-broadening coefficients (predicted on the basis of the AFGL line listing
and a simple Lorentzian line shape) from their measured water continuum self-
broadening coefficients between 12.2 and 30 yn. The resulting eapirical
continuum increased smoothly from 12.2 to 30 um and showed no evidence of
absorption maxima in the l4- to 20-m region that could be attributed to
intermolecular vibrational bands of vapor-phase water diwmers. Burch et al.
concluded that the shape of this empirical continuum indicated the need to use
super-Lorentzian line profiles to describe the self-broadened shapes of water-
vapor absorption lines.
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III. EXPERIMENTAL

We determined the water-vapor continuum absorption spectra reported here
with the CO, laser photoacoustic detection system shown schematically in

Fig. 4. The excitation source for the system was a Laakmann Electro-Optics

Inc. model RF-4400D PZTG cw waveguide 6120;6 laser, which was generally selec-
. tively tuned over 23 wavelengths of its 10.4-um band [R(32) to R(10) and P(10)

to P(30)]. The line-tunable laser output was intensity-modulated at 13 Hz by
a mechanical chopper, focused to a 2- to 3-mm beam diameter, and passed
through matched, nonresonant sample and reference photoacoustic cells. The
photoacoustic cells were connected to the differential pressure head of a
capacitance manometer that'served as the photoacoustic system's pressure

transducer. The sample cell was filled with the water-vapor—air mixture; the

reference cell was filled with dry air. The differential pressure signal
detected between the two cells by the capacitance manometer was measured at
the exciting-light-modulation frequency with a lock-in amplifier (PAR model
5404). A power meter (Coherent model 210) determined the intensity of the
laser exciting light, and a CO, laser spectrum analyzer (Optical Engineering
model 16A) monitored its wavelength. The laser provided a TEMyo mode output

power of greater than 6 W on its strongest lines. The chopper average power
throughput was 502 of the incident power.

The photoacoustic system's capacitance manometer was an MKS Instruments,
Inc., Baratron type 170 pressure meter with a 10-Torr full-range differential

pressure head. Differential absorption measurements were made between the ‘

matched photoacoustic cells to minimize the effects of spurious absorption at
the cell windows. Each photoacoustic cell was constructed of stainless steel
and had an optical path length of 14.9 cm and a bore of 0.99 em. The cells i_
were equipped with zinc selenide (ZnSe) windows mounted at Brewster's angle. '

f The photoacoustic cells fit tightly into a trough in gn aluminum cell-
holder block. The cell holder provided good thermal contact with the cells
and kept the cell optical axes aligned. The cells were maintained at selected
fixed temperatures by circulating heat-exchange fluid from an external
constant-temperature bath (Neslad LT50) through s channel that extended the
length of the cell-holder block. The cell-holder assembly was placed in a
compartment that could be flushed with gaseous dry nitrogen, preventing
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moisture in the ambient air from condensing on the outside of the cell windows

during below-room-temperature measurements.

Gas samples were prepared and added to the sample and reference photo-
acoustic cells with a mercury-free, greaseless vacuum line. The responsivity 7
of the photoacoustic detection system was measured over a several-order-of- I
magnitude concentration range of ethylene (as a calibration gas) in l-atm
pressure of nitrogen at the CO, laser 10.4-um band lines P(12), P(14), P(l6),
and P(22). The detector responsivity was calculated from ethylene-absorption
cross sections determined by us for these CO, laser lines. The cross
sections o)) were determined by measuring the transmittance T()) of €O, laser
light, at each of the desired wavelengths, through a gas cell containing a o
known low pressure of ethylene buffered with nitrogen to l-atm total pressure. .
The o(\) were obtained by evaluating the relationship T(A) = exp{-o())pL],
\ where p is the ethylene pressure (in atmospheres) and L is the cell path
length in centimeters. The absorption measurements were performed in a 5-1 /
spherical glass cell of low surface-to-volume ratio (0.28 cm-l) to minimize '
ethylene adsorption losses on the cell walls. The cell had a path length of
32.0 cm and was equipped with ZnSe Brewster's angle windows.

Water-vapor—air mixtures of known concentration were added to the photo-
acoustic detection system by first expanding the desired pressure of water
vapor into the sample cell and then closing the cell. The photoacoustic

system capacitance manometer was used to measure the steady-state pressure of

water vapor after the sample sat in the cell for several minutes while the
photoacoustic system was maintained at the temperature selected for the
absorption measurements. A synthetic-air sample (80% Nyp=-20% 02) was next
bled into the sample cell containing the water vapor until the desired total
pressure of water vapor and air was obtained. The water-vapor--air mixture
was then heated to 50°C and maintained at temperatures above ambient for 2 hr

or more to ensure thorough sample mixing before the cells were cooled to the

desired temperature. Finally, synthetic air was added to the reference cell
until a pressure balance between both cells was obtained.

The ethylene--nitrogen mixtures and synthetic-air samples used to fill
the photoacoustic cells were prepared in a calibrated 12-1 flask equipped with
" a convection mixing loop. The oxygen, nitrogen, and synthetic-air pressures

wvere measured with s 0O-to~-800-Torr Wallace and Tiernan pressure gauge.
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Ethylene pressures were measured with an MKS Baratron pressure gauge with a
77 H-)0 pressure head. Research-purity ethylene, nitrogen (99.9995%), oxygen
(> 99.996%), and water (Baker AR Grade for HPLC use) were used throughout the
study.

Two or more spectral runs were made on different water-vapor--air
mixtures at each temperature and water-vapor partial pressure for which water-

vapor COZ laser absorption spectra were determined. The replicate water-vapor
s spectra were in good agreement.
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IV. RESULTS AND DISCUSSION

This section presents and discusses the results of measurements of water-
vapor CO, laser absorption spectra performed by the CO, laser photoacoustic
technique. Water-vapor absorption data were obtained at numerous wavelengths
within the 10.4~-um CO, laser band at selected temperatures as low as -10°C.
Section IV.A describes ethylene absorption cross-section measurements and
photoacoustic responsivity measurements on ethylene--nitrogen calibration
mixtures for the purpose of placing the water absorption data on an absolute
basis, Section IV.B presents and discusses the results of extensive measure-
ments to determine the dependence of water continuum absorption on temperature

and water-vapor partial pressure.

A. CALIBRATION OF ABSOLUTE MAGNITUDE OF WATER~-VAPOR ABSORPTION

1. ETHYLENE ABSORPTION CROSS-SECTION MEASUREMENTS

Photoacoustic detection systems do not directly measure absolute absorp-
tion strengths. The responsivity of such a system must first be calibrated
with a reference gas for which absorption cross—-section data are available.
Its highly structured CO, laser absorption profile and low adsorptivity on
cell walls make ethylene an ideal calibration gas for CO, laser photoacoustic
detection systems. Photoacoustic detector responsivity measurements are
typically made over a several-order-of-magnitude concentration range of
ethylene in nitrogen or synthetic air at selected 002 lines. The accurate
application of this approach requires that the ethylene-absorption cross
sections be accurately known at these CO, laser wavelengths.

Several groups of workers have measured ethylene-absorption cross

70,71 or, in some cases,72 just a few 002 laser wavelengths.

sections at many
The largest absorption cross section occurs at the CO, laser 10.4~um band
P(14) line on account of its wavelength proximity to the Q-branch of the
ethylene u7(b1u) out-of~-plane bending mode.’3 The ethylene absorption signal
can be easily recognized through the use of this laser line together with a
few nearby lines where ethylene cross sections are a factor of 6 or more

smaller.

In this study, photoacoustic responsivity measurements were carried out
at the CO, laser 10.4-um band lines P(12), P(14), P(16), and P(22). To obtain
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another independent determination of the absorption cross sections at these
lines, transmission measurements were made through ethylene—nitrogen mixtures
in a8 32.0-cm-path-length cell (see Section III) at a total pressure of 760
Torr and at room temperature (24°C). The cross~section data obtained as a
function of ethylene partial pressure are shown in Fig. 5. The ethylene-
absorption cross sections at the P(12), P(16), and P(22) laser lines increase
by 102 or less as the ethylene pressure is decreased over the ~ 5.5~ to 0.5~
Torr range. The absorption cross sections in the limit of low (i.e., < 0.1
Torr) ethylene pressure at these lines are 5.06, 6.15, and 1.95 ¢:m-1 atm-l,
respectively. The ethylene-absorption cross section at the P(14) line, on the
other hand, is independent of ethylene pressure over the 0.306- to 3.08-Torr
range studied. The cross section at the P(l4) line, furthermore, remained
constant (at 34.76 + 0.27 en”! atm-l) for 12 measurements over an approx-

imately 5- to 50-W cm-2 laser irradiance range (beam diameter ~ 2 mm).

The constancy of the P(l4) line cross section with irradiance indicates
that ethylene-absorption saturation effects are unimportant at the laser lines
employed in the cross—section measurements for irradiances below 50 W cm-z.
The photoacoustic system responsivity measurements described below were

performed at laser irradiances below 50 W em™2,

The ethylene-absorption cross-section data determined here are compared
in Table II with similar data determined by other groups on ethylene—air
mixtures maintained at 760-Torr total pressure and room temperature. Christy
and Faller’2 1

ethylene at the C02 laser 10.4-um band P(14) line by performing transmission
70

obtained an absorption cross section of 35 cm ! atm™! for
measurements through dilute ethylene—air mixtures. Patty and coworkers
obtained cross sections of 4.35, 29.10, 4.55, and 1.09 cn”l atm™! at the
10.4-ym band laser lines P(12), P(14), P(16), and P(22), respectively. They
measured transmission through ethylene—air mixtures in a 60-m-total-path-
length multipass gas cell, employing ethylene partial pressures between

7.6 x 10-3 and 0.27 Torr. Persson and coworkera71 obtained cross sections of
5.29, 38.99, 6.42, and 1.78 ca ! atm™! at the P(12), P(14), P(16), and P(22)
laser lines, respectively. They obtained these data by measuring transmission
through a 1.5-m-path-length gas cell containing ethylene—air mixtures at
ethylene partial pressures between 0.29 and 12.2 Torr.
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Our ethylene-absorption cross section determined at the 10.4-um band

- S~ Y

Y

P(14) laser line agrees closely with the corresponding value obtained by
Christy and Faller.’2 The cross sections determined in this study at the

N L’m A

P(12), P(l4), and P(16) laser lines fall between the corresponding values
determined by Patty et al.’0 and those of Persson et al.71 Our P(12), P(14),

and P(16) laser-line cross sections are, respectively, 4.5, 11.0, and 3.5%

N
.

RN

lower than those of Persson and coworkers. The cross section reported here at 14
the P(22) laser line is 9.5% higher than that determined by Persson and co- iﬂ
workers but nearly 80% higher than the value obtained by Patty and coworkers. [7
b

2. PHOTOACOUSTIC SYSTEM RESPONSIVITY MEASUREMENTS o
Relative photoacoustic responsivity measurements were made on ethylene—— 2

»

nitrogen mixtures as a function of ethylene concentration with the CO, laser
photoacoustic system used in the water absorption measurements. Figure 6 r
shows the results for ethylene concentrations between about 30 ppm and 10
ppb. A linear photoacoustic response is observed at the laser lines P(12),
P(14), P(16), and P(22) for absorption signals as small as about

0.4 uv wl.* A linear least-squares fit to the relation

log (signal) = m log(pczﬂb) + b

was performed on the photoacoustic response data at each laser line for

absorption signals greater than 1.0 wV w‘l. The values of the coefficients m

and b (and their corresponding standard deviations) determined in the fits at

these laser lines are:
- e ———
line m b
P(12) 0.977 4+ 0.006 -1.872 ¢ 0.019
P(14) 0.974 % 0.005 -1.018 ¢ 0.015
P(16) 0.984 + 0,008 -1.829 + 0.026
P(22) 0.974 % 0.005 -2.334 2 0.016 ‘

*An approximately 0.1 uv vl larger absorption signal in the sample photo-
acoustic cell compared with the reference cell results in the development of
curvature below 0.4 uv Wl in Fig. 6. The larger absorption signal in the
sanple cell compared with that of the reference cell (see Fig. 4) is believed
to result from an approximately 12 larger incident laser intensity on the
ssmple cell than the reference cell.
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Fig. 6. Response of photoacoustic system at selected CO, laser lines
versus ethylene concentration.
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Based on these linear least-gsquares fit coefficients, the relative
photoacoustic response of a 760-Torr nitrogen sample containing 0.10-Torr
(131.6 ppm) ethylene would be predicted to be: P(12) = 0.145, P(14) = 1.000,
P(16) = 0.174, and P(22) = 0.048. These relative response values are in good
agreement with the absorption cross-section ratios or(n)lar(lb) obtained both
in this study and by Persson and coworkers71 (see Table II). Because (1) our
neasured ethylene cross section at the P(14) laser line agrees with the cross

72 and is intermediate in value with the

70

section of Christy and Faller
corresponding cross sections determined by Patty et al.’" and Persson et
31.,71 and (2) as observed in Fig. 5, the ethylene cross section at the P(14)
laser line is independent of ethylene concentration, we have selected the
cross section measured at the P(1l4) laser line in the present study [°P(14) =
34.76 cm! ltm’ll to calibrate the absolute response of our photoacoustic
system. The absorption coefficients (in units per centimeter) measured for

wvater-vapor—air mixtures were thus determined from the expression

Abs. Coeff. -1 I
Water—Air = {antilog [~]-'-‘3§—("‘v L o ;;Enal) ¥ 1'018]} x (34.76 x 10 9) cm 1
Mixtures *

(1)

B. WATER-VAPOR ABSORPTION DATA MEASURED IN THE 10.4-um CO, LASER BAND

Water gbsorption data were determined within the Co, laser 10 .4-1m band
in this study at temperatures of 27, 10, and -10°C for water-vapor—synthetic-
air mixtures at 760-Torr total pressure. Initial measurements were performed
at 27°C on mixtures containing 10-Torr water vapor. As Fig. 7 demonstrates,
our data are in generally good sgreement with data determined under similar

14 and by Long and coworkers.1°'15'16 This

conditions by Shumate and coworkers
agreement indicates consistency between the sample preparation and mixing
procedures and photoacoustic responsivity calibration techniques used in this

study and by the Shumate and Long groupc.* The dats of Shumate et .1.14 have

iihmnte and covorkerula used the photoacoustic technique to measure water
absorption. As in the present study, they used stkgltge to calibrate the
photoacoustic responsivity. Long and coworkers!V:19:10 pogqured water
absorption both by the photoascoustic technique and by the long-path absgorption
technique. They compared these measurements to establish the absolute
magnitude of the water absorption by the photoacoustic technique.
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been corrected in Fig. 7 to the ethylene-absorption cross section of
34.76 em~! atm™! determined here at the CO, laser 10.4-um band P(14) line.
Shumate et al. used the value of 29.10 cm™! atn™! determined by Patty et a1.70

for this cross section.

The sharp absorption peak at the CO, laser 10.4-ym band R(20) line above
the water continuum in each spectrum in Fig. 7 has been proposed by McClatchey
et al.3! and Petersonl® to result frow a near-wavelength coincidence of the
R(20) laser line and a weak local water-vapor pure rotational transition.

This absorption feature can be used as a convenient calibration peak when
measuring the weak water-continuum absorption. Limited measurements were thus
performed in the present study to examine the temperature and water-partial-
pressure dependences of thfs absorption feature. We briefly discuss the
results obtained for this absorption peak before we present results on the

temperature and water-pressure dependences of the continuum absorption.
1.  WATER ABSORPTION PEAK AT THE CO, LASER 10.4-uym BAND R(20) LINE

Figure 8 shows CO, laser absorption spectra for water-;air mixtures con-
taining 7.5-Torr water vapor at temperatures of 27 and 10°C. Observe in Fig.
8 that the absorption feature at the R(20) laser line increases in inteunsity
with increasing temperature, i.e., has a positive temperature coefficient. A
positive temperature coefficient would be obtained for an absorption
transition that originates from a thermally populated lower level.
Accordingly, McClatchey et a1.3! have suggested that this transition
originates from a lower rotational level with an energy of 1557.8 em 1, as
illustrated in Fig. 9, this assignment is consistent with the magnitude of the
temperature dependence observed between 18 and 35°C in the present study for
the absorption peak at the R(20) laser line. The measurements in Fig. 9 were
performed on mixtures containing 10 Torr of water vapor buffered to 760-Torr
total pressure with air. From Fig. 9, it is observed that, at a fixed water
partial pressure, the intensity of the absorption feature at the R(20) laser
1ine cen be monitored to verify independently the temperature of a water--air
aixture.

The water-absorption feature at the co, laser 10.4~ym band R(20) line has
been assigned to a local water-vapor absorption line, so its intensity would
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be expected to possess a nearly linear dependence on water partial ptessure.*
This is consistent with the water-partial-pressure dependence shown in Fig. 10
for this absorption peak in water—air mixtures at 10°C. (The linear photo-
acoustic response obtained for water partial pressures up to close to the
9.2-Torr saturation vapor pressure for water at 10°C indicates that negligible
water adsorptive losses occur on the photoacoustic cell walls for the condi-
tions employed in this study.) From Fig. 10, it is observed that, at a fixed
temperature, the intensity of the absorption peak at the R(20) laser line can

be used to monitor the water partial pressure in a water—air mixture.

2.  WATER ABSORPTION AT CO, LASER 10.4-um BAND LINES WHERE
CONTINUUM CONTRIBUTIONS DOMINATE

a. Teumperature Dependence

Further examination of Fig. 8 reveals that the water absorption possesses
a negative temperature coefficient within the CO, laser 10.4-m band P-branch
and the short-wavelength region of the R-branch, where absorption contribu-

tions from weak local water lines are small relative to continuum contribu- ]
tions. To examine the temperature dependence of the continuum absorption,
extensive absorption measurements were performed at various temperatures on

water—air mixtures at selected water pressures. In addition to the measure-

ments performed at 27 and 10°C on water—air mixtures containing 7.5-Torr
water vapor, shown in Fig. 8, measurements were performed at 27 and 10°C on i
mixtures containing 6.0-, 5.0-, and 3.0-Torr water vapor. The data obtained
for these air mixtures are plotted in Figs. 11, 12, and 13, respectively.
Also shown in Fig. 13 are absorption data on mixtures containing 3.0-Torr
water vapor at 0°C. Data obtained at -10°C on mixtures containing 1.69-Torr
vater vapor are presented in Fig. 1l4.

These results show that the magnitude of the continuum-absorption nega- ]
tive temperature coefficient increases with increasing water pregsure and
decreasing temperature. The temperature coefficients between 27 and 10°C for
aixtures containing 3.0-, 5.0-, 6.0~, and 7.5~Torr water vapor are -2.0 % 0.4,
-2.6 £ 0.3, -2.8 + 0.3, and -2.9 + 0.5%/°C, respectively. For mixtures with

‘; pure linear dependence is observed only when the absorption strength of the
local water line is significantly greater than the absorption strength of the
underlying water continuum.
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3.0-Torr water the 10-to~0°C temperature coefficient is -7.7 + 0.2%/°C. The
27 to 10°C temperature coefficients are in close agreement with the approx-
imately -2%/°C value observed between 27 and 100°c.6,9,12,15

b. Water-Partial -Pressure Dependence

Work was also performed to determine the functional dependence of the
water-absorption magnitude on water partial pressure in wavelength regions
where continuum-absorption contributions are dominant. Extensive CO, laser
absorption measurements were thus performed at 27 and 10°C on 760-Torr total
pressure air samples containing a range of water pressures. These measure-
ments were made at the CO, laser 10.4-ym band lines R(32) to R(10) and P(10)
to P(30). The measurement results at the high-frequency 10.4~ym band line
R(32) and the low-frequency line P(28), presented in Figs. 15 and 16, respec-
tively, are representative of the results observed at 10.4-yum band laser
wavelengths other than the R(20) line. The results of measurements at the
10.4-ym band laser lines other than R(32) and P(28) are shown in Figs. A-1
through A-21 in the Appendix. Examination of Figs. 15 and 16 and Figs. A-l
through A-21 reveals that, at those laser wavelengths where continuum-
absorption contributions are most important [{.e., for laser lines other than
R(20), Fig. A-6], the water absorption possesses a greater than linear but
less than pure quadratic dependence on water-vapor partial pressure. Thus,
the 27 and 10°C continuum absorption measured in the present study can be
concluded to possess a dependence on water-vapor partial pressure that
includes both linear and quadratic terms. As indicated above (cf.,

Section 1I.D), a similar water-vapor partial-pressure dependence has been

observed for continuum absorption at room temperature and above.5"10,14-16

The 27 and 10°C water absorption data plotted in Figs. 15 and 16 and
A-1 through A-21 were fit to the relation

wvhere abs. (A, T) represents the water absorption value measured at a
particular temperature T and CO, laser wavelength A; and Py o 18 the
water-vapor partial pressure in torr, employed in the nealu%ements.
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The a(A, T) and b(A, T) coefficients that correspond, respectively, to
water-absorption contributions that have linear and quadratic dependences on
water-vapor partial pressure are listed in Table III. The solid lines in
Figs. 15 and 16 and A-1 through A-21 correspond to the absorption calculated
from these coefficients. These coefficients, along with their standard
deviations, were calculated from a linear least—gsquares fit of the abs.(A, T)

and puzo data to the expression

8bs~()‘o T) - a(x’ T) + b(x, T)pu 0

P
H20 2

The linear coefficients a(A, T) and quadratic coefficients b()A, T) obtained at
27 and 10°C are displayed as a function of CO, laser wavelength in Figs. 17
and 18, respectively. [The error-bar limits associated with each a(2, T) or
b(A, T) value in these figures are equal in magnitude to a(A, T) or b(A, T)

plus or minus cne standard deviation in their values.]

From Fig. 17 and Table I1I, it is observed that, thtodghout the CO, laser
10 .4-um band, the linear coefficients a(), 10°C) are either the same as,
within experimental uncertainty of, or (at a few laser wavelengths) smaller
than the corresponding a(}A, 27°C) values. The latter case [a(A, 10°C)
< a(A, 27°C)} can be most easily observed at the R(20), R(14), and R(12)
lager lines, where absorption contributions by thermally populated local water
lines are thought to be important.lk In contrast to the near constancy or
decreasing behavior observed for the linear coefficients a(A, T) from 27 to
10°C, the quadratic coefficients b(A, T) are observed in Fig. 18 and Table III
to clearly increase throughout the CO, laser 10.4-im band as the temperature
decreases from 27 to 10°C. It is this increase in the quadratic coeffi-
cients b()A, T) with decreasing temperature that is responsible for the larger
wvater continuum absorption strengths observed at 10°C compared with 27°C.

C. EVALUATION OF CONTINUUM DATA IN TERMS OF COLLISIONAL-
BROADENING AND WATER DIMER MODELS

The relative importance of the collisional-broadening and water-vapor

aggregate mechanisms to water continuum absorption in the 8- to 12-um region
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under different possible atmospheric conditions is the subject of debate, as

indicated in Section 1I.D. It is recalled that by the collisional-broadening
mechanism, the continuum is attributed to the self- and foreign-collisionally
broadened far wings of the water absorption lines on efther gide of the 8- to

19,20 the continuum is attrib-

12-um :'egion.u’]'s'58 By the latter mechanism,
uted to the collisionally broadened far wings of absorption bands that are
proposed to develop in the 16- to 12 im region as the result of the formation

of water-vapor aggregates, mainly water dimers.

For most atmospheric conditions, the magnitude of the continuum absorp-
tion is primarily governed by its water-pressure quadratic conponent.*
Figure 19 compares the experimental and theoretically predicted temperhture
dependences of the water-pressure quadratic component of the 8- to 12-um water
continuum absorption. This figure is similar to Fig. 3, except that Fig. 19
also shows the data determined in this study, which extend the temperature

dependence of the quadratic component to -10°C. Here, the water—pressure
12

quadratic component of the continuum absorption determined by Montgomery
above 100°C can be observed to possess a very weak positive temperature
coefficient. The continuum quadratic component determined by Burch et

a1.6+34,55 12

and Montgomery “ within the 100 to 27°C temperature regime, and

by us between 27 and -10°C, can be observed to possess a strong negative

temperature coefficient.

'817’18 collisional-~

As indicated previously, Nordstrom and Thomas
broadening model accurately predicts the observed linear- and quadratic-term
functional dependences of continuum absorption on water-vapor partial
pressure. As Fig. 19 shows, the present form of this model underestimates
significantly the magnitude of the measured negative temperature coefficient
for the water-pressure quadratic component between 100 and 27°C, but predicts |
properly the observed magnitude of the weak positive temperature coefficient

above 100°C.

1;;6l the linear and quadratic coefficients in Table III, one can conclude
that the quadratic water-pressure cosponent contributes predominantly to the
total water-vapor absorption coefficient at 27 and 10°C for water pressures
grester than adbout 3 and 2 Torr, respectively. For lover temperatures, the
quadratic component would be the major contributor to absorption at even lower
water pressures.
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P

The water-vapor dimer model of Suck et a1.,19’20 on the other hand,
predicts a pure quadratic water-vapor partial pressure dependence for the
continuum absorption instead of the observed linear and quadratic water-
pressure term dependences. The water dimer model is observed in Fig. 19 to
correctly estimate the magnitude of the negative temperature coefficient for
the quadratic component between 100 and 27°C, but fails to predict the weak
positive temperature coefficient observed above 100°C. Both the collisional-
broadening and water dimer models can predict the proper magnitude of the

quadratic component near room temperature.

The magnitude of the negative temperature coefficient for the quadratic
water-pressure component observed between 27 and -10°C in the present study is
the game as that reported.by Burch and coworkers and Montgomery between 100
and 27°C. Figure 19 shows that the magnitude of the negative temperature

coefficient determined by us between 27 and -10°C is in very good agreement
19,20

with that predicted by the water-vapor dimer model of Suck and coworkers.

Figure 19 further shows that, in its present form, the collisional-broadening

17,18

model of Nordstrom and Thomas severely underestimates the magnitude of r

the negative temperature coefficient measured here between 27 and -10°C. 1In

our study, absolute values of the self-broadening coefficients have been i
determined only at 27 and 10°C. Our 27°C self-broadening coefficient of

(2.53 + 0.24) x 10722 polecules™) cm? atm™! 1s within experimental uncertainty
of the value of (2.25 + 0.41) x 1022 golecules™! cm? atm™! calculated from
the 27°C data of Shumate et 51.14 [when corrected to our ethylene P(l4) cross {
section of 34.76 cm”! atm™l) and the value of (2.23 + 0.23) x 10722 molecules™!

cm2 atn™}

calculated from the 24 .5°C water—nitrogen absorption data of
Peterson et al.15:16 our 0 and ~10°C data in Fig. 19 are lower-limit esti-
mates of the self-broadening coefficients at these tenperatures.* The value
at 0°C was calculated by multiplying the absolute value of the self-broadening
‘ coefficient at 10°C by the ave age ratio of the absorption coefficients at 0°C
”f to those at 10°C. Similarly, the value at -10°C was calculated by multiplying
: the 10°C self-broadening coefficient by the average ratio of the absorption

‘The “"self-broadening”™ coefficient Cg(A, T) and "foreign-broadening” coeffi-
cient Cg(A, T) defined in the footnote on page 29 can be calculated from the
linear and quadratic coefficients a(A, T) ard b(A, T) in Table II1 through the
following relations:




coefficients at ~10°C to those at 10°C. The 0 to 10°C absorption-coefficient
ratio was determined from continuum data on mixtures containing 3.20-Torr water
vapor, whereas the =10 to 10°C absorption coefficient ratio was determined from

i data on mixtures containing 1.69-Torr water vapor.

One way to account for the temperature, pressure, and wavelength depen-
dences observed in this and previous studies of the 8- to 12-um continuum {is,

12 to assume the simultaneous contribution to the

as suggested by Montgomery,
continuum of water-dimer and collisional-broadening mechanisms. The weak
positive temperature dependence observed for the continuum above 100°C and the
negative temperature dependence observed below 100°C are consistent with a
model in which the collisional-broadening mechanism contributes more signifi-
cantly to the continuum than the water dimer mechanism above 100°C, but in
‘which the water dimer mechanism begins to make significant contributions to
the continuum below 100°C. By this model the water dimer mechanism increases
in importance with decreasing temperature relative to the collisional-

broadening mechanisgm.

The simultaneous contribution of collisional-broadening and water dimer

mechanisms to the water continuum would account for the continuum's observed

linear and quadratic water-pressure dependences. The increase in importance
of the quadratic component from 27 to 10°C observed in this study would also
be consistent with an increasingly important water dimer contribution to the

continuum absorption with decreasing temperature.

Puo
ce(x, 1) = 24 ”( 2 >

W
H,0
and 2
PHO\ b(x, T) + a(h, T)
c(a, T = |5~ ) F—~——F———]
H,0
2
wvhere P is the water partial pressure and P is the total pressure in

at-oophezga. and wy o is the density of water vapor in molecules per cubic
centimeter. The C.zvalues shown at 27, 10, 0, and -10°C in Fig. 19 were
calculated from averages of C_(A, T) data determined within the laser

10 .4~ band P-branch, where iocal water absorption line contributions are
negligible.
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Further, the increase in the water-pressure quadratic coefficient between
27 and 10°C and the magnitude of the negative temperature coefficient below
27°C observed in this study are necessary (but not sufficient) requirements
for a model in which the water dimer mechanism is more important at and below
roouw temperature than a collisional-broadening mechanism. Because the inter-
molecular vibrational absorption bands of the water dimer are proposed to be
located in the 16-um region, a continuum model that assumes the simultaneous
contribution of water-dimer and collisional-broadening mechanisms would also
be consistent with the observed increase in the water continuum absorption
coefficient with increasing wavelength. This effect is predicted by this
model to become more important with increasing water pressure as has also been
observed. Proponents of the collisional-broadening mechanism of continuum

absorption,58'17'18

on the other hand, have suggested that, with improved
modeling of the H)0—H,0 collisional interaction potentials and the use of
more exact collisional scattering theory, it may be ultimately possible to
account for the temperature, pressure, and wavelength dependences of the con-

tinuum by the collisional-broadening mechanism alone.

Definitive experimental information is still needed on the wavelength
positions, intensities, and collision-broadened contours of the various
intermolecular vibrational-rotational bands of the water dimer in the vapor
phase to resolve absolutely the question of whether the 8- to 12-um water
continuum would be most correctly described by a collisional-broadening
mechanism in combination with a water dimer mechanism or by a collisional-
broadening mechanism alone. Direct absorption measurements of the
vibrational-rotational lines of the water dimer in the vapor phase have not
been performed to date,2° because of the difficulty in spectroscopically
distinguishing the dimer absorption lines from water monomer pure rotational
lines in water—air mixtures, in which the monomer concentration is greater
than the dimer concentration by three or more orders of nagnitude.19’20

Collisional-broadening continuum modelssa’u’18

treat only the collision-
broadened shapes of absorption lines that already exist in the water monomer.
Thus, collisional-broadening models of the water continuum based on even very
accurate molecular collision theory would not be able to account for absorp-
tion contributions to the water continuum resulting from the development of

intermolecular vibrational modes in an H,0—H;0 collision complex. New
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infrared absorption bands of this type might be expected for collision
complexes with lifetimes of greater than even a8 few vibrational periods
(Z 10'13 sec). These bands would develop as the result of the loss of trans-
lational and rotational degrees of freedom by the water molecules forming the

complex.

Although direct absorption measurements on the water dimer's intermolec-
ular vibrational absorption bands have not been performed in the vapor phase,
Bentwood et a1.76 have examined such bands in low-temperature matrices by
matrix isolation vibrational spectroscopy. The water dimer out-of-plane
bending intermolecular vibrational band (the high-frequency tail of which was

19,20

proposed by Suck et al. to be responsible for the water continuum in the

8- to 12-um region) was found by Bentwood and coworkers to be centered near

19 ym in a nitrogen matrix at 20 K. The wavelength of this band is thus close
to the vapor-phase position of between 16 and 18 m predicted by Suck and
coworkers. Evidence for the existence of water dimers in water-vapor—air

mixturer comes from the observation by Gebbie and coworkers-?5

of water dimer
rotational-absorption features in the submillimeter-wavelength region. They
showed that the integrated intensities of these water dimer rotational absorp-

tion features had a temperature dependence that indicated a dimer interaction

energy of -6 + 3 kcal/mol and a quadratic dependence on water pressure. On
the basis of the spectrometer-limited linewidth observed for the strongest
rotational feature of the water dimer, Gebbie et al. concluded that the dimer
is stable in the vapor phase and calculated its lower-limit lifetime to

be ~1071! gec.

The average thermal energy available at 27°C is about 0.6 kcal/mol.
Given the strong (~ -5 kcal/mol) hydrogen-bond interaction energy that is
known to exist between water molecules in solid, liquid, and vapor phases,
thermodynamic considerations would also predict, as observed by Gebbie et al.,
that long-lived (O 10'13 sec) Hy0—H,0 collision complexes are formed in
water—air mixtures. The oscillator strengths of the water dimer intermolec-
ular vibrational absorption bands and the magnitude of the vapor-phase water

dimer concentration calculated by Suck et 31.19’20

also appear reasonable, so
it seems likely that water dimer species contribute significantly to continuum

absorption at and below room temperature.
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In view of these considerations and the temperature and water-pressure ,%

dependences of the continuum observed below room temperature in this study, we ;4

believe that the 8- to 12-um water continuum would best be modeled by the

simultaneous operation of collisional-broadening and water dimer mechanisms.
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V. CONCLUSIONS

Temperature and water-vapor partial pressure dependences have been mea-
sured for the water-vapor pure rotational transition superimposed on the water
continuum at the CO, laser 10.4-um band R(20) line. The temperature depen-—
dence observed for this sharp water-vapor absorption feature is consistent
with assignments made by McClatcﬁey et a1.31 for the energy of the originating
state of this transition. It is concluded that the intensity of this absorp-
tion feature can be used to verify the temperature or water partial pressure

during measurements of weak water-vapor continuum absorption.

Throughout the CO; laser 10.4-ym band, the water-vapor continuum absorp-
tion was found to have a functional dependence on temperature between 27 and
-10°C that is similar to that observed between 100 and 27°C by previous work-
ers. The negative temperature coefficient observed for the water continuum
absorption between 27 and -10°C was determined to be more consistent with the
predicted temperature dependence of a continuum absorptioﬁ water-vapor dimer
model than that of a recently developed collisonal-broadening continuum
mode1.17,18

We feel that the temperature, pressure, and wavelength dependences
observed for the 8~ to 12-um continuum in this study and in previous studies
(reviewed in Section II.D) would be most correctly modeled by the simultaneous
contributions to the continuum of water-dimer and collisional-broadening mech-
anisms. The temperature dependence observed in this study between 27 and
-10°C and the increase in the water-pressure quadratic coefficient observed
between 27 and 10°C are consistent with the water dimer mechanism being more
important than the collisional-broadening mechanisms at room temperature and
below. o
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APPENDIX

FIGURES A-1 THROUGH A-~21]

The following figures show the dependence of the water absorption
coefficient on water partial pressure for various CO; laser 10.4-um band
lines. Similar plots for the R(32) and P(28) laser lines appear in the text
(Figs. 15 and 16). The solid lines in Figs. A-] through A-21 correspond to
the absorption calculated from the a(A, T) and b(A, T) coefficients, which
were determined from a linear least-squares fit of the abs. (A, T) and

P data to the expression
H20
abs.(A, T) _ a(X, T) + b(}, T)pH o
PH,0 2
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LABORATORY OPERATIONS

The Laboratory Operationa of The Aerospace Corporatfon is conducting exper-
imental and theoretical investigations necessary for the evaluation and applics-
tion of scientific advances to new wilitary space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many problems encounterad in the nation's rapidly developing
space systems. Expertise in the latest scientific developments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tridbute to this resesrch are:

Aerophysics Laboratory: Launch vehicle and reentry serodynsmics and hest
transfer, propulsion chemistry and fluid mechanics, structursl sechanics, flight
dy {cs; high-temp ture thermomechanics, gas kinetics and radiation; research
in environmentsl chesistry and contsmination; cv snd puleed chemical lasser

development including chemical kinetics, epectroscopy, opticsl resonators and
beam pointing, atmospheric propsgation, laser effects sad counterseasures.

Chemistry and Physics Laboratory: A pheric chemical reactions, atmo-
spheric optics, 1ight scattering, state-specific cheaical reactions and radis-
tion transport in rocket plumes, spplied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radistion effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental resssrch and
sonitoring.

Electronics Resesrch Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, elect gnetic and optical propsgation
phenomena, qusntum electronics, laser communicstions, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Programs verification, program trans-
lation, performance-sensitive systes design, distridbuted architectures for
spaceborne computers, fault-tolerant computer systems, artificial iantelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of nev materfsls: metal matrix
cosposites, polymers, snd new !‘0?. of carbon; component failure anslysis and
raliability; fracture mechanics and stress corrosion; evaluation of msterfals in

space environment; asterisls perforsance in spece t portation ey ; anal-
yois of systems wulnersbility snd survivadility in enewy-induced euviroaments.

Spece Sciences Lsboratory: Atmospheric sod o pheric physice, vadistion
from t% ataosphere, Fuhy and composition of the upper atmosphere, surorae
and sirglow; magnetospheric physics, cosmic rays, genevatiov sud propagstion of

plasme waves in the ssgnetosphers; soler physics, Ifafrared astroscwy; the
effects of nuclear ploed fe , end gsolar sctivity on the

esrth's atmosphere, huomn', ; sagnotosphere; the effects of optical,
electrosagnetic, and particulate radistions in space oo space systems.
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